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REMARKS 

This Amendment is being filed in response to the final Office Action dated November 23, 
2007. In view of these amendments and remarks this amendment should be entered, the 
application allowed, and the case passed to issue. No new matter or considerations are 
introduced by this amendment. Claim 8 is amended to correct the informality noted by the 
Examiner. Support for the amendment to claim 8 is found in claim 1. Even if this application is 
not allowed, the amendment should still be entered upon the filing of an appeal as the 
amendment significantly reduces the issues for appeal. 

Claims 1-8 and 10-19 are pending this application. Claims 1-8 and 10-19 are rejected. 
Claim 8 has been amended in this response. Claim 9 was previously canceled. 

Claim Rejections Under 35 U.S.C §112 
Claim 8 was rejected under 35 U.S.C. § 1 12, second paragraph, as being indefinite for 
insufficient antecedent basis. This rejection is traversed, and reconsideration and withdrawal 
thereof respectfully requested. 

Claim 8 has been amended to correct the asserted informalities. Applicants submit that 
the claims fully comport with the requirements of 35 U.S.C. § 1 12. 

Claim Rejections Under 35 U.S.C § 103 
Claims 1,5, 6, 11, 13, and 15 were rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Barlow et al. (US 5,411,818) in view of Yamamoto et al. (U.S. 
2003/0129495). This rejection is traversed, and reconsideration and withdrawal thereof 
respectfully requested. The following is a comparison between the invention, as claimed, and 
the cited prior art. 

An aspect of the invention, per claim 1, is a stacked battery (30) comprising an electrode 
stacked body (7) formed by stacking ;i sheet electrode (10) and an electrolyte layer (4). The 
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electrode (10) includes a single-layered collector (1). The electrolyte layer (4) is placed between 
the electrodes (1 0). The collector (1) has an approximately rectangular shape in a plane 
perpendicular to the stacking direction. A packaging material (5a, 5b) houses the electrode 
stacked body (7). The packaging material (5a, 5b) has an opening which faces the stacking 
direction of the electrode stacked body (7). The electrodes (10) are placed on outermost layers 
of the electrode stacked body (7) in such a manner so that the single-layered collectors (la, lb) 
are exposed through the opening to an outside of the stacked battery (30) in the stacking 
direction of the electrode stacked body (7) and function as terminals. A center of the surface of 
the collector, is a surface perpendicular to the slacking direction of the electrode stacked body, is 
exposed through the opening to the outside of the stacked battery. 

The combination of Barlow el ah and Yamamoto et al. do not suggest a stacked battery 
wherein the electrodes arc placed on outermost layers of the electrode stacked body in such a 
manner so that the single-layered collectors are exposed through the opening to an outside of the 
stacked battery in the stacking direction of the electrode stacked body and function as terminals, 
and wherein a center of a surface of the collector, which is a surface perpendicular to the 
stacking direction of the electrode stacked body, is exposed through the opening to the outside of 
the stacked battery, as required by claim 1; and wherein the electrodes are placed on outermost 
layers of the electrode stacked body in such a manner so that outermost single-layered collectors 
are exposed through the opening to an outside of the stacked battery in the slacking direction of 
the eleclrode stacked body and function as terminals, as required by claim 13. 

The Examiner asserted that Barlow et al. disclose in Fig. 2B disclose a stacked battery 
wherein the electrodes are placed on outermost layers of the electrode stacked body in such a 
manner so that the single-layered collectors are exposed through the opening to an outside of the 
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stacked battery in the stacking direction of the electrode stacked body and function as terminals, 
wherein the packaging material and the outermost collectors together form a housing and the 
collectors form substantial portion of (he housing. The Examiner relied on Yamamoto et al. for 
teaching that secondary batteries may be any number of shapes. 

The Examiner interpreted seals 22, 24 of Barlow et al.'s battery as the packaging material 
according to the present claims. The seals 22, 24. however, function as members that prevent the 
migration of electrolyte around the bipolar walls, and thus prevent the formation of ionically 
conducting paths (column 1, lines 7-12 and column 2, lines 27-30). Barlow et al. is directed to 
high temperature lithium alloy/metal sulfide batteries with molten salt electrolytes (column 3, 
lines 21 to 26). Though il is not shown in the Figures of Barlow et al., the Barlow et al. battery 
must have an outer case. It would be impractical to use the Barlow et al. battery without an outer 
case. It needs the outer case for both structural integrity and insulation (see Linden et al., 
Handbook of Batteries, 3d Ed., pp. 21 .3-21 .9 and 41 .1 to 41 .6 and 41 .20 to 41 .22). 

High temperature molten alkali halide salt batteries, such as LiCl-KCl eutectic electrolyte 
batteries, have an operating temperature of at least 400 °C (Linden et al. al 41 . 1). Therefore, the 
battery of Barlow et al, would require an outer case and insulation to prevent electrolyte freezing 
and battery shutdown (Linden et al. a< 21.6 to 21 J). The requirement that the battery operating 
temperature of liquid (molten) alkali halide salt electrolyte batteries be maintained above the 
melting point of the electrolyte salt is clearly well known in the art, as evidenced by Linden et al. 

Furthermore, Barlow teaches lhat the battery stack is not hermetically sealed (column 2, 
lines 27-30). One of skill in this art recognizes that lithium alloy batteries are hygroscopic and 
the absorption of water severely impacts the performance of lithium alloy batteries. Therefore, 
hermetic sealing is critical in a lithium alloy battery. Thus, it would be immediately clear to one 
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ordinary skill in this art that an outer battery casing would be required in the battery of Barlow et 
al. to provide a hermetic seal. 

Because the battery of Barlow et al. requires an outer case, Barlow et al. does not disclose 
or suggest that the electrodes are placed on outermost layers of the electrode stacked body in 
such a manner so that the single-layered collectors are exposed through the opening to an outside 
of the stacked battery in the stacking direction of the electrode stacked body and function as 
terminals, and wherein a center of a surface of the collector, which is a surface perpendicular to 
the stacking direction of the electrode stacked body, is exposed through the opening to the 

outside of the stacked battery, as required by claim 1 ; and Wherein the electrodes are placed on 

i 

outermost layers of the electrode stacked body in such a manner so that outermost single-layered 
collectors are exposed through the ope ning to an outside of the stacked battery in the stacking 
direction of the electrode stacked body and function as terminals, as required by claim 13. 
Yamamoto et al. do not cure the deficiencies of Barlow et al. 

Claims 2, 3, and 14 were rejected under 35 U.S.C. § 103(a) as being unpatentable over 
Barlow et al. in view of Yamamoto et al and further in view of Williams et al (US 5,254,4 1 5). 
This rejection is traversed, and reconsideration and withdrawal thereof respectfully requested. 

The Examiner acknowledged lhat Barlow et al. and Yamamoto et al, do not disclose 
hermetic sealing. The Examiner relied on the teaching of Williams et ah that hermetically 
sealing the battery would prevent eleclrolytc from leaking out. 

The combination of Williams et al. with Barlow et al. and Yamamoto et al., however, do 
not suggest the claimed stacked battery. As explained above, Barlow et al. expressly teach that 
the stack illustrated in Fig. 2B is not hermetically sealed. Hermetically sealing the stack of 
Barlow et al. would require an outer battery case, and as explained above when the outer case is 
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included with the stack of Barlow et ah, the electrodes can not be placed on outermost layers of 
the electrode stacked body in such a manner so that the single-layered collectors are exposed 
through the opening to an outside of the stacked battery in the stacking direction of the electrode 
stacked body and function as terminals, and wherein a center of a surface of the collector, which 
is a surface perpendicular to the stacking direction of the electrode stacked body, is exposed 
through the opening to the outside of the stacked battery, as required by claim 1 ; and the 
electrodes can not be placed on outermost layers of the electrode stacked body in such a manner 
so that outermost single-layered collectors are exposed through the opening to an outside of the 
stacked battery in the stacking direction of the electrode stacked body and function as terminals, 
as required by claim 13. 

Furthermore, as illustrated in Fig. 1, Williams et al. disclose that positive and negative 
terminals (16, 18) are exposed through an opening to an outside of a stacked cell array (12) in the 
stacking direction of the stacked cell array (12), but fail to disclose current collectors (30A, 32N) 
are exposed through the opening to the outside of the stack cell array (12). The positive terminal 
(16) and the current collector (30A) (and negative terminal (18) and cuiTent collector (32N) are 
placed on an outermost of the cell stack array (12). Thus, an electric current flows through the 
positive terminal (16) and the current collector (30A), thereby the output power is reduced due to 
an increase in the electrical resistance between the positive terminal (16) and the current 
collector (30A). 

In the present invention, however, the outermost current collectors (la, lb) are single- 
layered, therefore increased electrical resistance, such as in the Williams et al. battery, is not 
created. 
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Claims 8, 12, and 17 were rejected under 35 U.S.C. § 103(a) as being unpatentable over 
Barlow et al. in view of Yamamoto et al. and further in view of Arias (US 5,618,641). This 
rejection is traversed, and reconsideration and withdrawal thereof respectfully requested. 

The combination of Barlow et al., Yamamoto et al., and Arias do not suggest the claimed 
stacked battery because Arias does nol cure the deficiencies of Barlow et al. and Yamamoto et al. 
Arias does not suggest that the electrodes are placed on outermost layers of the electrode stacked 
body in such a manner so that the single-layered collectors are exposed through the opening to an 
outside of the stacked battery in the staking direction of the electrode stacked body and function 
as terminals, and wherein a center of a surface of the collector, which is a surface perpendicular 
to the stacking direction of the electrode stacked body, is exposed through the opening to the 
outside of the stacked battery, as required by claim 1 ; and wherein the electrodes are placed on 
outermost layers of the electrode stacked body in such a manner so that outermost single-layered 
collectors are exposed through the opening to an outside of the stacked battery in the stacking 
direction of the electrode stacked body and function as terminals, as required by claim 13. 

Claims 18 and 19 were rejected under 35 U.S.C. § 103(a) as being unpatentable over 
Barlow et al. in view of Yamamoto et al. and further in Yiew of Murata (US 5,378,557). This 
rejection is traversed, and reconsideration and withdrawal thereof respectfully requested. 

The combination of Barlow et al., Yamamoto et al., and Murata do not suggest the 
claimed stacked battery because Murata does not cure the deficiencies or Barlow et al. and 
Yamamoto et al. Murata does not suggest that the electrodes are placed on outermost layers of 
the electrode stacked body in such a manner so that the single-layered collectors are exposed 
through the opening to an outside of the stacked batter}' in the stacking direction of the electrode 
stacked body and function as terminals, and wherein a center of a surface of the collector, which 
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is a surface perpendicular to the stacking direction of the electrode stacked body, is exposed 
through the opening to the outside of the stacked battery, as required by claim 1 ; and wherein the 
electrodes are placed on outermost layers of the electrode stacked body in such a manner so that 
outermost single-layered collectors are exposed through the opening to an outside of the stacked 
battery in the stacking direction of the electrode stacked body and function as terminals, as 
required by claim 13. 

The dependent claims are allowable for at least the same reasons as the respective 
independent claims from which they depend and further distinguish the claimed stacked battery. 

In view of the above amendments and remarks, Applicants submit that this amendment 
should be entered, the application allowed, and the case passed to issue. If there are any 
questions regarding this Amendment or the application in general, a telephone call to the 
undersigned would be appreciated to expedite the prosecution of the application. 

To the extent necessary, a petition for an extension of time under 37 C.F.R. 1 .136 is 
hereby made. Please charge any shortage in fees due in connection with the filing of this paper, 
including extension of time fees, to Deposit Account 500417 and please credit any excess fees to 
such deposit account. 
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Respectfully submitted, 




McDERMOTT WILL & EMERY LLP 



Bernard P. Codd 
Registration No 46,429 



600 13 lh Street, N.W. 
Washington, DC 20005-3096 
Phone: 202.756.8000 BPC:MWE 
Facsimile: 202.756.8087 
Date: February 13, 2008 



Please recognize our Customer No. 20277 
as our correspondence address. 
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THERMAL BATTERIES 2 1 .3 



The disadvantages of thermal batteries include; 




1. Generally .short activated lives (typically less than 10 min), but they can be designed to 
operate for more than 2 hours. B 

2- Low to moderate energy densities and specific energies. 

3. Surface teniperarores can typically reach 230°C or higher. 

4. Voltage output is nonlinear, and decreases with life. 

5. One time use. Once activated, they cannot be turned off or reused (recharged). 



UJ DESCRIPTION OF ELECTROCHEMICAL SYSTEMS 



A number of electrochemical systems have been used in thermal batteries. As materials and 
techniques have improved the state-of-the-art (SOA) performance of these batteries older 
designs have gradually disappeared. Battery designs with older technologies still exis£ how- 
ever, and continue to be manufactured. In some cases, the continuing production of an 
antiquated system is driven by economics. Redesign and requalification of an existine 
battery with a newer technology is often economically unacceptable. Table 21 J lists som! 
of the more common types of electrochemical systems that have been used over the years 

All thermal battery cells consist of an alkali or alkaline earth metal anode, a fusible salt 
electrolyte, and a metal salt cathode. The pyrotechnic heat source is usually inserted between 
cells in a series cell-stack configuration. 



long-term storage ovj 



physical configuratiq 



t£ 21-1 Types of ThcrmaJ Bitterics 



JSp«fochemical system: 
ppac/clcctrolyle/ cathode 


Operating 
cell voltage 




2.8-3.3 


IUCI-KCI/W03 


2.4-2.6 


^Cl-KCI/CaCrO. 


2.2^2.6 


^Cl-KCl/V^O, 


2,2-2.7 


pci-Ka/PbCrO, 


2.0-2.7 




2.0-2.5 


&y)/LiC[-LiBr-LiF/peS a 


1.6-2.1 


iW)/LiO-Ka/FeS 2 


1.6-2.2 


P'J/liBr-KBr-LiF/CoSs 


1-6-2.1 



Characteristics and / or applications 



Very fast activation limes; short lives; used in "pulse" 
applications 

Medium-short lives; low electrical noise; not severe 
physical environments; 

Medium lives; severe dynamic environments 

Medium-short lives; severe physical environments 

Fast activation; short lives 

Short lives: used in high-voltage, low-current applica- 
tions 

Short lo medium lives, high current capacity; severe 
physical environments 

Long lives, high current capacity; severe physical envi- 
ronments 

Long lives (past I h). high current capacity; severe 
physical environments 
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21.4 CHAPTER TWENTY-ONE 



21.2.1 Anode Materials 



Until the 1980s, most thermal banery designs employed a calcium metal anode— with cal- 
cium foil generally attached to an iron, stainless steel or nickel foil current collector m 
backing. A "bimetal" anode is manufactured by vapor depositing the calcium on the backito 
materia]. Here* the calcium anode thickness usually ranges between 0.03 and 0.25 mm, Iq 
other designs, calcium foil is either pressed onto a perforated "cheese grater"-tyoe hacking 
Sheet, or is spot-welded to the backing. Magnesium metal is another anode material that has 
been widely used, both in 1 'bimetal*' -form and in pressed or spot- welded anode configura- 
tions. 

Introduced in the mid-1970s, lithium has become ihe most widely used anode material 
in thermal batteries. There are two major configurations of lithium anodes: lithium alloy 
lithium metal. The most commonly used alloys are lithium aluminum, with about 20 weight 
percenr lithium and lithium (silicon), with about 44 weight percent lithium. Lithium-boron 
alloy has also been jvaluatcd, but has not been used widely because of its higher cost 

LiAl and Li(Si) alloys are. processed into powders, which are cold-pressed into amxk 
wafers or pellets that range in thickness from 0.75 to 2.0 mm. In the cell, die alloy pellet is 
backed with an iron, stainless steel, or nickel current collector. Lithium alloy anodes function 
in activated cells as solid an odes , and must be maintained below meli or partial melt tem- 
peratures- Forty-four weight percent Li(Siy alloy will partially melt at 709 & C, while a, p~ 
LiAl will exhibit partial melting at 60CTC If these melting temperatures are exceeded, ite 
melted anode may i:omc in contact with cathode material, allowing a direct, highly exo- 
thcTmic chemical reaction and cell short-circuiting. 

Lithium metal anodes funciion in activated cells at temperatures above the meldng tem- 
perature of lithium, J8J°C. To prevent the molten lithium from flowing out of the Cells and 
short-circuiting the hattery, it is combined with a high -surface-area binder of metal powder 
or metal foam. The binder holds the lithium in place by surface tension. 

Lithium metal anodes arc prepared by combining the binder material with molten lithium, 
followed by pressing the solidified mixture into thin Foil, typically 0.07 to 0.65 mm thick 
The foil is then cut nto eclksized parts. The anode foil parts are enclosed in iron-foil caps, 
which provide added protection against the migration of any free lithium (which can resell 
in cell shorting) and also serve as electron collectors (electrical connections). Such anodes 
can function at cell temperatures greater (hart 700*C without significant loss of performance.* 
Each thermal batter' designer or manufacturer has developed a number of anode configu- 
rations, from which the most suitable may be selected, depending upon specific battery 
performance require Tienis. 



21,2*2 Electrolytes 

Historically, most ti ermal battery designs have used a molten eutectic mixture of lithium^ 
Chloride and potassium chloride as the electrolyte (45:55 LiClrKCI by weight, mp = 352*Q. ': 
Halide mixtures containing lithium have been pxthtrtd because of their high conductivities j 
and general overall compatibility with the anodes and cathodes. Compared to most lower 5 
melting oxygen-containing salts, the balide mixtures are less susceptible to gas generaflonj 
via thermal decomposition or other side reactions. More recent electrolyte variations, con- 3 
taining bromides, have been developed for thermal batteries to achieve a lower melting point | 
(and thus extend the operating life) or to reduce the internal resistance (and raise thecunwit| 
capability) of the batteries. These include UBr-KBf-UF (mp = 320°C), LiCl-LiBr-KBr(mp| 
= 32I°C), and the all-Li* electrolyte LiCI-LiBr-LiF (mp = 430°C). fi Electrolytes with mix*' I 
cations (e.j?., Li* and K*, instead of all-Li*) are subject to the establishment of Li + co0 ?*:| 
tration gradients during discharge. These concentration gradients can give rise to localized j 
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THERMAL BATTERIES 21.5 

At battery operating temperatures, the viscosity of molten sal! electrolytes is very low 
{ca. 1 cenoPoise). In order to immobilize the molten electrolytes, binders are added to the 
salts during compounding. Earlier blends, originally developed for Ca/CaCrO< systems and 
the original LiAi/FeS 2 batteries, employed clays, such as kaolin, and fumed silica as effective 
binders for the salts. These siliceous materials will react with Li(Si) and lithium metal an- 
odes, however. High surface area MgO is sufficiently inert for the more reactive anodes, and 
is presently the binder of choice in most systems. 



Cathode Materials 



A wide variety of cathode materials has been used for thermal batteries. These include 
c^emm chromate (CaCrOj. potassium dichromate (K^C^O?), potassium chromate 
WrO l*ad chromate (PbCrOJ, metal oxides (V 2 O s , W0 3 ), and sulfides (CuS, Fe$ 2 
.a?: ™ - ntcna fa suitable cathodes include high voltage against a suitable anode corn- , 
paubUiry with halide melus, and thermal stability to approximately 600°C. Calcium chromate 
has been most often used with calcium anodes because of its hi£h potential (at 500°C V = 
2.7) and its thermal stability at 6WTC. FeS 2 and (more recently) CoS 2 are used with modem 
lithium-containing anodes (FeS 2 to 550°C and CoS 2 to 650°C) 



PyrotBchnic Heat Sources 



The two principal heat sources that have been used in thermal batteries are heat paper and 
heat pellets. Heat paper is a paper-like composition of zirconium and barium chromate pow- 
ders supported in an inorganic fiber mat. Heat pellets are pressed tablets or pellets consisting 
of a mixture of iron powder and potassium perchlorate. 

J£j£? aCrC * heat P* 1 * 51 " 19 manufactured from pyrotechnic-grade zirconium powder 
and BaCrO,. both with panicle Sizes below 10 microns. Inorganic fibers, such as ceramic 
and glass fibers, are used as a structure for the mat.* The mix, together with water, is formed 
into a paper- -either as individual sheets by use of a mold or continuously through a paper- 
making process. The resultant sheets are cut into parts and dried. Once dried, the material 
must be handled very carefully since it is very susceptible to ignition by static charge and 
rncdon. Heai paper has a burning rate of 10 to 300 cm/s and a usual heat content of about 
1675 J/g (400 cal/g). Heat paper combusts to an inorganic ash with electrical resistivity If 
inserted between cells, it must be used in combination with highly conductive inter-cell 
connectors J a some battery designs, combusted heat paper serves as an electrical insulator 
between celh* In those applications it may have an additional layer of ceramic fibers only 
known as base sheet, to enhance its dielectric properties. In most modem pelle^type batter- 
ies, heat pap£ r is used only as an ignition or fuse train, if at all. In this application the heat 
paper fuse, which is ignited by the initiator, in turn ignites the heat pellets, which arc the 
primary heat source in these batteries. 

Heat pellccs are manufactured by cold-pressing a dry blend of fine iron powder (1 to 10 
micron) and jw>ta$siiim perchlorate. The iron content ranges from 80 to $8% by weight, and 
is considerably in excess of stoichiometry. Excess iron provides the combusted pellet with 
sufficient electronic conductivity, eliminating the need for separate inter-cell correctors The 
heat content of Fe-KC10 4 pellets ranges from 920 JT/g for 88% iron to 1420 J/g for 80% 
iron. Burning races are generally slower than those of heat paper, and the energy required 
to lgrute theni is greater. For that reason, the heat pellet is less susceptible to inadvertent 
ignition dunn« battery manufacture. Heat pellets (and especially unpelletized heat powder) 
must, nevertheless, be handled with extreme care and protected from potential ignition 
sources* p ™* 

After comliustion, the heat pellet is an electronic conductor, simplifying inter-cell con- 
necpon and battery 'design. It also retains its physical shape and is very stable under dynamic 
environments (such as shock vibration and spin). This contributes greatly to the general 
ru^edness ot battery designs that incorporate heat pellets. Another major advantage of heat 
pellets is that thetr enthalpy of reaction is much higher than that of heat paper ash Thus 
toey serve as heat reservoirs, retaining considerable heat after combustion, andtend to extend 
the battery active life by virtue of their greater thermal mass. 
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21.2.5 Methods of Activation 



Thermal batteries are ac tivated by applying an external signal to an initiadon device that u 
incorporated in the batiery. There are four generally used methods of activation: electric 
signal to an electric igniter; mechanical impulse to a percussion primer; mechanical shock 
to an incitial activator; :ind optical energy (laser) signal to a pyrotechnic material. 

Electric igniters typically contain one or more bridge wires and a heat-sensitive pyjo, 
technic material. Upon application of an electric current, the bridge wine ignites the pyj^ 1 
technic, which in turn ignites the heat source in the thermal battery. Igniters generally 
into rwo categories: squibs and electric matches. A typical squib is enclosed in q sealed 
metal or ceramic enclosjre and contains one or two bridge wires. H)e most commonly u&d 
types require a minimum activation current of 3_5 A and have a maximum no-fire limit of 
I A or 1 W (whichever is greater). Electric matches do not have a sealed enclosure aod 
typically contain only one bridge wire. They require an adivation current of 500 roA to 5 
A and should not be subjected to a no-fire test current of more than 20 rnA. Squibs are 4 
to 10 rimes more expensive than elecrric matches, but arc required for applications, that may 
encounter environments with electromagnetic radiation. 

Percussion primers ai e pyrotechnic devices that are activated by impact from a mechanical 
striking device. Typically, a primer is activated by an impact of 2016 to 2880 g • cm applied 
with a 0.6 to 1.1 mm spherical radius firing pin. Primers are installed in primer holders thai 
arc integral pans of the battery enclosure. 

Incitial or setback activators are devices that are activated by a large-magnitude shock or 
rapid acceleration, as is generated upon firing of a mortar or artillery round. They arc de- 
signed to react to a predetermined combination of g force aod its duradon. Inertial activators 
arc typically firmly mounted inside the battery structure in order to withstand severe dynamic 
environments. 

Optical energy (laser) activation of thermal batteries is accomplished by "firing" a laser J 
beam through an optical "window" installed in the outer enclosure of the battery and igniting 
a suitable pyrotechnic material inside the unit. This method has found utility in applications 
where severe electromagnetic interference would be disruptive to an electrical firing method 

Thermal batteries ca i be equipped with more than one activation device. The multiple 
activators can be of the same type or of any combination required by the application. 



21.2.6 Insulation Materials 

Thermal batteries are designed to maintain hermeticity throughout their service lives, cvbd : 
chough their internal temperatures reach or even exceed 600°C. The thermal insulation used , 
Co retard heat loss from the cell stack and minimize peak surface temperatures must be< 
anhydrous and must ha/e high thermal stability. Ceramic fibers, glass fibers, certain high- 
temperature polymers, and their combinations have been used as thermal insulators. Older \ 
battery designs may still have asbestos insulation, which was widely used before the 1980s. \ 
Electrical insulation materials for conductors, terminals, initiators, and other electrically 
conductive components are typically made of mica, glass or ceramic fiber cloths, and lugh J 
temperature-resistant po.ymers. 

Thermal insulation is located around the periphery and at both ends of the cell siacL ! 
Some designs also incorporate high-temperature epoxy potdng materials as insulation and | 
structural support for ths initiators and electric conductors on the terminal end (header) of ! 
the batteries. Long-life batteries (20+ min.) usually incorporate high-efficiency thermal in- > 
station materials such ;is Min-K (Johns Manville Co.) or Micro-Therm (Constantine Whv > 
gate, Ltd.). Extended" llf z batteries (1 hr and longer) may incorporate vacuum blankets audi 
/or double cases with vacuum space between them to retard heat loss. Special high-tiiennal- J 
capacity pellets and extra "dummy" cells are also used at the ends of cell stacks to retard 4 
, t heat loss and thus prolong the activated life of some batteries. 9 Figure 2 1.2 shows a tvpiwj 

H arrangement of thermal i nsularion and an encapsulated header assembly with initiator (squw* j 
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FIGURE 21.2 Typical thermal battery assembly. (Courtesy of 
Eagle-Picher Technologies. LLC) 



A very effective method for extending the activated battery life and reducing the effects 
of heat on thermally sensitive components located near the battery is to use an external 
thermal blanket Provided that it is protected from external contamination, a merrnal' blanket 
is more effisctive than internal insulation, primarily because the hot gasses that are generated 
inside the battery during activation cannot penetrate it. External insulation, mounting meth- 
ods, and the surrounding environment have a significant effect on the heat loss from the 
battery and all of these must be taken into consideration in the design of thermal batteries. 



CELL CHEMISTRY 



A wide var>ery of different cell chemistries have been developed and used in thermal bat- 
teries. At this time, the most widely used Chemistry is Uthium/iron disulfide (Li/Fe$ 2 ), with 
calcium/calcium chromate (Ca/CaCrO,) as a distant second. There are special applications, 
though, whe re one of the other less used chemistries could offer special advantages. As an 
example, thi> requirement for a very fast activation time with a relatively short activated life 
would be provided by the calcium /potassium dichromate (C&/UCI-Ka/K^Cr 2 0 7 ) system 
or the calcium/lead chromate (Ca/UQ-Ka/PbCrOJ system. For a very general overview, 
Table 21.2 hsts some example-specific performance characteristics of various thermal battery 
chemistries ind designs. 
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TABLE 21.2 Characteristic* of Various Thermal Bauerie* 



Volume, 



Cell type 



cm-' 



Nominal 
Weight, volia&o- Current, 
V A 



Peak 
power, 
W 



Average 
life, s 



Specific 
energy 
(Wh/k$) 



Cup/W0 3 

Open cell /tape/ WO, 
Open ceJUtape/dichromatc 
Open cell /tape /dichromale 
Open cell/ tape /bromide 
Pclte/CaCrO./heat paper 
PcWet/CaCrO^/heat pellet 
Pellel/CaCKVheai ptilei 
Pellet/ LiM*/FeS a 
PeUet/LiM'/FeS 2 
Pellet/UM*/FeS 2 
Pellct/LiM* /FeS 2 
PcJici/UM*/FeS 3 
Pellet/UM*/FeS, 
Pcllct/LiNT/feS, . 



450 
100 
44 
I 

81 
123 
105 
105 

9Z3 

170 

208 
3120 

334 

552 
1177 



850 

365 

146 
5.5 

225 

310 

307 
. 307 

320 

505 

544 
6620 

907 
1400 

270 



7 
50 
18 
10 
203 
42 
2B 
28 
25 
28 
138 
315 
65 
27 
27 



5-8 
0.36 
26.0 
5.0 
0.02 
2.9 

1.2 
2-S 
15.0 
12.0 

1.0 
1 0.0 

7.95 
12,0 
17.0 



41 


70 


2.3 


15 


70 


1.3 


462 


1.2 


1.0 


50 


0.15 


0.4 


4 


45 


0.2 


125 


25 


2.8 


34 


150 


4.6 


75 


60 


3.8 


420 


35 


11.4 


378 


140 


26:2 


138 


250 


32.2 


3600 


250 


33.1 


541 


320 


43.0 


372 


600 


38.7 


459 


900 


35.1 



35- 
U 
0.7 
6.8 
43-4 
11.1 : 
39.0 
82.0 
B4.1 
77. 

116. 

Ill* 
MS 



M* — either alloy or meial. 



21.3.1 Lithium /Iron Disulfide 

There are three common lithium anode configurations: U(Si) alloy, LiA) alloy jd! LT 
metal matrix LiiM) where the matrix is usually, iron powder. With the difference 
eSSi repair, solids and the lithium in the ^Ji^iSff 
cell, all three anodes participate in the cell reaction similarly. All may be used w * 
FeS, cathode and the same electrolyte*. These electrolytes may be Jhe JftC UttOT 
tftC rf c electrolvie LiCI-LiBr-LiF electrolyte for best ionic conductivity, or a lower-met 
£im Syte s S » LiBr-KBr-LiF for extended activated life. Since the Fg 
Konic conductor, the electrolyte layer is necessary m order to prevent direct anod 
e^^^^l iSSl short-circuiting. When molten, the electrolyte ^ween *e ^ 
and the cathode is held in place by capillary action through the use of a Really 
p'b" (inert) binder material. MgO is the preferred material for ^ 
The Li/FeS, ele;trochemical system has become the preferred system because it floes 
conSn an 9*™™ chemical reactions. The extent of se f-d.se J«f 
of electrolyte used and the cell temperature." The predominant discharge path for ca 
is: 

3Li + 2FeS 2 - Li.Fe^ (2. 1 V) 
Li,Fe 3 S 4 + Li - 2Li,FeS a ( 1 .9 V) 
\ Li,FeS 2 f 2Li — Fe + 2U 2 S (L6 V) 

Most batieries are designed to use only the first and sometimes the second cathode tmntf 
to avoid changes in cell voltage. p , iA |. 

The transitions that occur at the anode depend on the alloy used. For LiAi. 

pr? .. i - p-tiAl (co. 20 wt % Li) -* a-AI (solid solution) 
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s 



Specific Energy 
6ner$y 

(Wh/kg) (Wh/L) 



2 
15 



2J 


4.3 


1.3 


5.0 
3.5 


1.0 


0.4 


2-1 


0.2 


0.7 


2.B 


6,8 


4.6 


13.4 


3.8 


11.1 


IM 


39.0 


26.2 


S2.0 


32.2 


84.! 


33.1 


77.0 


43.0 


116.0 


38.7 


I J 1.8 


35.1 


97.5 



LiAl alloy, and Li metal 
With the difference that 
s molten in an activated 
iy be used with the saiue 
the basic LiCt-KCI eu- 
vily, or a I OWcr-md ting- 
Si nee the FeS* is a good 
prevent direct anode-u> 
>lyte between the anode 
>c of a chemically com- 
15 application. 1 11 
stern because it does not 
rgc depends on the type 
charge path for cathodes 



scond cathode transitions 

1. For LSAi: 

on) 



Below appnoximately 18.4 weight percent lithium (lower limit for all £-UAl) and above 10 
weight per«;ent lithium (upper limit for a-Al), the alloy is two-pbase a,/3-LiAl This fixes 
the alloy voltage on a plateau. This plateau is about 300 mV less than the voltage afforded 
by pure litluum metal. 

The composition transitions for Li (Si) are: 

Li^Si, - U, 3 Si 4 - LLjSij - Li 12 Si, 

An anode voltage plateau is defined for compositions falling between each adjacent pair of 
alloys. Thai is, the first plateau occurs between Li a Si 3 and Li ls Si„. The 44 weight percent 
Li(Si) comjxjsition falls here, and begins its discbarge approximately 150 mV less than that 
ot pure lithium. 

The use of FeSa as a cathode material can cause a large voltage transient or "spike" of 
0.2 V or more per cell, which is evident immediately after activation and lasts from milli- 
seconds to a few seconds. This phenomenon is related to the impact of temperature, the 
amounts of electroactive impurities in the raw material (iron oxides and sulfates), elemental 
sulfur from FeS 2 decomposition, and the activity of lithium not being fixed in the cathode. 
In applications where the voltage has to be well regulated, this "spike" is not acceptable. 
Tne voltage transient can be virtually eliminated by the addition of small amounts of Li 2 0 
or Li 2 S (typically 0.16 mol Li per mol FeSJ to the catholyte (FeS^ and electrolyte blend), 
a method known as multiphase litkiation, 12 The spike can also be reduced (but not elimi- 
nated) by thoroughly washing or vacuum treating the FeS 2 to remove acid-soluble impurities 
and elemental sulfur. 

The Li/I eSj electrochemical system has a number of important advantages over other 
systems, including Ca/CaCrO x . These advantages include: 

- Tolerance of a wide range of discharge conditions, from open circuit to high current den- 
sities . 

• High current capabilities; 3 to 5 times that of Ca/CaCrOa 

• Highly predictable performance 

• Simplicity of construction 

• Tolerance io processing variations 

• Stability in extreme dynamic environments 

As a result of these advantages, this system has become the predominant choice for a wide 
range of high-reliability military and space applications. 



21.3.2 Lithium/ Cobalt Disulfide 



As a cathode vs. lithium in molten salt electrolyte cells, cobalt disulfide exhibits a slightly 
lower voltage than docs iron disulfide. Cobalt disulfide has a greater thermal stability with 
respect to los.s of sulfur, however. Hie decomposition reactions for cobalt disulfide at elevated 
temperatures are: 

3Co5 2 —> CojS, + Sj (g) 
3Co a S, - Co^ + 2S 3 (g) 
For iron disulfide at elevated temperatures: 

2FeS 2 — 2FeS + $ 2 (g) 
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41 .2 CHAPTER FORTY-ONE 



end of charge. This miuates a high-rate self-discharge reaction that allows continued passage 
of charging current— at or below the self-discharge rate— without further charge acceptance. 
Development of this in situ overcharge tolerance capability has rendered the bipolar design 
a viable option for Uthiumyiron sulfide batteries. 

Several metal sulfides— :ron, nickel, cobalt, and so on— can be used as positive electrodes. 
These metal sulfides relieve the vapor pressure and corrosion issues associated with the use 
of sulfur. Cost considerations lead to the selection of PeS or FeS a for commercial applica- 
tions, while other metal sulfides remain viable options for specialty battery applications 
where cost is less important. Combining the dense FeS 2 positive electrode, operating only 
on its upper voltage plateav, with the low-melting LiCl-LiBr-KBr electrolyte has achieved a 
stable, reversible, and high- performance lithium/iron disulfide cell technology. 

Refinements in the comiosition of this low-melting electrolyte and development of suble 
chalcogeoide ceramic /scaltnts have led to the development of sealed electrolyte-starved bi- 
polar Li/FeS and Li/FeS, sells and stacks. 6 These cells and stacks exhibit high power and 
energy densities. As a result of the advances that have been made in high-performance 
bipolar cell arid stack technology, it has replaced the prismatic design. In addition to its 
higher performance, the bipolar design is likely to be more cost-effective than the pnsmatic 
design, because it significantly reduces the quantity of nonactive materials used in the battery 
stack and thermal enclosuie. The major advantages and disadvantages of bipolar lithium/ 
iron sulfide batteries are summarized in Table 41.1- In addition to their high power and 
energy densities, they are tolerant to most types of abuse encountered in electric-vehicle 
applications. Due to their low internal impedances and favorable electrode kinetics, both 
ampere-hour and wait-hour capacities of thesB bipolar batteries arc relatively independent of 
load. Also, they possess characteristics thai render them inherently safe and reliable, 7 whereas 
many other technologies h:ive to engineer safety and reliability into their systems. Because 
it is a high-temperature battery, it is housed within a thermal enclosure and, therefore, is 
independent of environmental conditions. Its major disadvantages are those associated Wth 
high-temperature batteries — mainly the need for a thermal management system to maintain 
its temperature within acceptable limits and the need to consume stored energy to keep ; the 
battery hot during extended stand periods in locations where a source of external electric 
power is not available. 



TABLE 41.1 Major Advantages and Disadvantages of Bipolar Lithium/Iron Sulfide 
Cells and Batteries 



Advantages 



Disadvantages 



Combines high power 2nd energy 
densities 

Tolerant 10 overcharge, overdiscbarge, and 

freeze- thaw abuse 
Capacity independent of load 
Inherently safe and reliable 
Independent of environmental conditions 



Requires thermal management system Co 

maintain operating temperature within 

acceptable window 
Consumption of stored energy may be 

required to maintain temperature, during 

extended stand periods 



if 



41 



The main interest in high temperature batteries such as Hmiuni/irbri sulfide, scj&uinV 
sulfur, and sodium/nickel chloride is for electric vehicle applications due to their higblspe- 
cific power and energy possibilities. The replacement of the liquid lithium electrode with a 
solid LiAl alloy alleviated many of the safety concerns that plagued the other two systems, 
which are based on a liquid sodium electrode. In 1991, the United States Advanced Battery 
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LITHIUM /IRON SULFIDE BATTERIES 41 .3 

a loiig-tcrrn b.Utexy technology for electric vehicles. Although significant advances were 
made in this ethnology* at the end of 1995, it was decided to discontinue R and D efforts 
m this, technology in favor of the rapidly developing lithium-ion and Uthium-polymer battery 
^taologes lliese newer technologies were also considered to be long-term developments 
by the USABC with power and energy capabilities similar to that of the LiAl/FcS, battery 
but which operate at much lower temperatures. Should interest revive in stationar? energy 
storage (SES) batteries, Uthium/rron sulfide batteries remain viable candidates for this ap- 
plication. The primary version of the lithium/iron sulfide battery continues to find wide 
usage as thermal batteries (see Chap. 21). 

Development of the rechargeable Hthium/iron sulfide battery is still continuing but no 
onger with molten salt electrolytes. The most notable work*- 10 involves the replacement of 
tne molten salt electrolyte and magnesia separator with a composite polymer electrolyte that 
operates at temj>eratures of 90 to 135°C There arc many advantages to operating this system 

fn^d^M I empe ^ tU n ™?;™ S l0WCr tefr *P crature Permits the use of lithium foil 
instead of cold- pressed pellets of uthiunvaluminum alloy. The positive electrode also docs 
no need to be a cold pressed pellet; it can be cast from slurry as is common for lithium- 
r^rymer and bdimm-ion technologies. Steel and polymer seals can be used for the eel! 
hardware mstend of the molybdenum and ceramic seals required for high-temperature 
molten-sak bailees. This new direction for the lithium/iron sulfide battery looks promising 
and will hopefully result in a commercial battery. Although there are many similarities bl 
tween the two t<*hnoiogies, the majority of the information presented in this chapter is based 
on tne molten silt battery technology that was under development for nearly three decades 



41.2 DESCRIPTION OF ELECTROCHEMICAL SYSTEM 



Seoondazy Li/Fis. cells that were developed for electric-vehicle applications at ANL, incor- 
porate cold-pressed FeS or dense Fe$ a positive-electrode pellets, two-component Li-AI/ 
*F at ; ve ; elect ™^ I*"^. ™d LiC|-rich LiCl-LiBr-KBr/ MgO electrolyte/separa^ 
tor pcltets. meet olyte of the same composition is incorporated in the positive* and ncRative- 
elec&ode pellets The LiCl-rich electrolyte (34 mol % UC1-32.5 mol % U$r-33J mol % 
*^rj possesses * low melting point, broad liquidus region, and high conductivity. 3 The hifth 
^Suf^J^u « c V I P edflc impedance (AS!) from low-burdened electrolyte-starved 
cells. Li /FeS, cells employing this electrolyte can operate in the 400 to 425°C temperature 
%~!t' , COm Pf ^ ™* option in the 450 to 475«C range for cells employing UC1-KC1 
elecfrolyte. Use of this electrolyte with a dense PeS 2 positive electrode, wfich ~tei only 
on the upper voJcagc plateau (U.P.), has extended the cycle life for the U /FeS, technology 
to more than 1000 cycles in flooded cells." Comparable cycle life was demonstrated pn- 
viously for rhe Li/FcS chemistry operating with LiCl-KCl electrolyte. a 

The overall electrochemical reactions for the Li/FeS and U.P. Li/FcS 2 cells are 



2Li-Al + FeS : 



:± Li 2 S + Fe + 2AI 



diifgo 
discharge 

2Li-AI + FeS 2 ; Li 2 Fe5 2 + 2A1 

charge 

The theoretical speciac energies for these two reactions are approximately 460 and 490 Wh/ 
Kg, respectively. fu e corresponding voltages for these reactions are approximately 1 33 and 
J V, respectively. The reactions are more complex than shown and involve the formation 
of intermediate compounds,* 10 ' 13 - 17 
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41.4 OJAFTER FORTY-ONE 

41.3 CONSTRUCTION 



mrh^J^ £S2 ^ ,lcve,0 P mei * Programs used prismatic cell designs (Kg. 4l.l)!aimilar 
1^7^ in Qlosl .^ to ^otive SLI lead-acid batteries. Scveralflat-plate posia^d 
negative electrodes are positioned vertically and separated by porous separator Sheets to form 

„^S^K area .for power). HistoricaUy BN (Boron Nitride) cloth or felt been 
used as the separator ,„ flooded-eiectrolyte cells, while MgO presses-powder plaque W 
been used in starved-el^iytc cells. Perforated metal sheets act posiUoned bltwiei £ 
EH*^* ^tS*** * e movement of particulate matterfrom the eiecSs 3*0 

c^l^^ 0 ^*^ 15 USed 10 S 8 * 0 ™ Steel is used as^ta 

£ t, ^ 90 **™ ClB f r0dM ' ^ molybdenum is the most commonly used cunrcm 
^ F f 2 Posmve electrodes. In these prismatic cells the negative electrodes are 
ypicaUy grounded to die cell case, while the positive electrodes arc Connected u Tfeedk 
£ough terminal that is electrically insulated from the cell cSn^y^^4cuS 
frame" structures are used to locate and hold together electrode component a urft 
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Lithium /iron sulfide prismatic cells can be assembled in a charged, uncharged, or partially 
Charged state. When assembled in the charged state, the negative electrodes are cold-pressed 
using a mixtuie of the two-component alloy, (a + ff) li-Al and AljFcj, and electrolyte 
powders. The positive electrodes are assembled in a similar manner, using a mixture of FeS, 
and electrolyte powders. When assembled in the uncharged state, the FeS positive-electrode 
plaque is pressed using an appropriate mixture of Li 2 S t Fe, and electrolyte powders, while 
the FeS 2 posiu*'e-dectrode plaque is formed using a mixture of LiFeS 2 and electrolyte pow- 
ders. The negai ive-electrode plaque is pressed using an appropriate mixture of o-Al, Al^Fc^ 
and electrolyte powders. Partially charged cells can be assembled using appropriate mixtures 
of the charged and uncharged starting materials. 

As a result of several technical advances in the lace 1980s and early 1990s (Tabic 41.2) 
the design of choice today is the bipolar stack (Fig. 4l.2)> 13 Cell stacks are formed by 
placing posithe-electrode, electrolyte/separator, and negative-electrode pressed-powder 
plaques into a pre fired seal-ring assembly and performing a final weld on the metal bipolar 
plate (current ollector/cell wall) of one cell to a metal ring buried in the seal-ring assembly 
of an adjacent cell. In a manner similar to the prismatic design, particle retainer screens can 
be positioned list ween the electrode and the separator/electrolyte plaques. In an effort to 
minimize weight and volume, bipolar cells and stacks employ MgO separators in an elec- 
trolyte-starved configuration. Also, cells employing overcharge-tolerant two-component lith- 
ium alloy negative electrodes require the use of separators made of MgO, or other electrically 
insulating materials that are stable to the higher lithium activity associated with the over- 
charge alloy. As described for the prismatic cells, bipolar cells can be assembled in the 
charged, uncbaiged* or partially charged state. 

The key to <iesigning and constructing practical bipolar stacks is the development of a 
suitable seal material for making mctal-tc-ceramic peripheral seals. This was accomplished 
in 1990 with the development of chemically stable chalcogenide sealants that bond tena- 
ciously to both metals and ceramics. 1 * These sealants can be specially formulated to accom- 
modate differences in thermal expansion between metals and ceramics by forming graded 
seals. They exhibit more than 95% coverage and wetting angles approaching 0° for both 
steel and molybdenum. Compared to commercially available high-temperature bonding 
agents, the standard chalcogenide sealant materials exhibit bond strengths which are an order 
of magnitude gi eater. 1718 



TABLE 41. 2 Major Technical Advances in Development of Bipolar Li-Al /PcS, Cells 



Time frame, 
year 

1986 

1988 
1989 
1990 



Major technical advance 



Practical implication 



l*>w -temperature electrolyte and uppcr- 
pfaimiu dense FeS, cathode 
Eke crochemical overcharge tolerance 
Litlii urn-rich electrolyte in starved cell 
Chalcogenide seal material 



Achieves > lOUOcycics 

Makes bipolar design variable 
Enhances performance 
Makes bipolar desigo practical 
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FIGURE 4U Exploded view of four-cell bipolar Li- A)/ 
Fi-S, stack under development fox clcctxic-vehicle applications 
aliown electrodes, sep&r&ior, and bipolar plate current collec- 
tor. (Courtesy of Argorme National Laboratory,) 



41.4 PERFORMANCE CHARACTERISTICS 



41.4.1 Voltage 



The openn:ifcuix voltnge of the U-Al/LiCl-LiBr-KBr/FeS cell is 1-33' V at 423?C whiife 
thai Of the Li-Al/LiCULiBr-KBr/FeS 2 (U.P.) cell is 1.73 V. 6 - 13 The operating voltages cjf 
these cells are in the j-anges of 0.9 to 13 V for the Li-Al/FeS cell and 1.2 to 1.71 V for thfc 
Li-Al/FeS 2 UP. cell. Charge voltage cutoffs are approximately 1.6 and 2.0 V, respectively. 
Charging at these voltages can be conducted for extended durations due to the overcharge 
tolerance capability p>t>vided by the two-component lithium alloy negative electrode. 17 



PAGE 



41.4.2 Discharge Characteristic* 

A typical set of cell voltage versus delivered ampere-hour capacity discharge curves for 13- 
cm-diameter bipolar U.P. Li-Al/FeS 2 and Li-Al/FeS cells is given in Fig. 41.3. 17 The step 
in both discharge curves, occurring at 5 to 7 An into the discharge, is associated with the 
transition from the overcharge-tolerant negative-electrode alloy phase to the normal « + fi 
Li-Al alloy negative-electrode phase. Both types of cells exhibit good voltage stability 
throughout the dischaj-ge. 

| The effect of discharge rate on delivered capacity for both types of cells is illustrated in 

| ; Figs. 41.4 and 41i for two 3 -cm-diameter cells. The reduction in capacity associated with 

r increasing the discharge rate is less tor these technologies than it is for most other battery 
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The prismatic Li-Al/FeS batteries, previously under development for electric-van appli- 
cations, are projected to meet the light-duty van requirements and those of slightly more 
demanding electric vehicle applications. Bipolar Li-Al/FeS batteries are projected to meet 
or surpass the performance requirements of most electric- vehicle applications, including the 
very demanding requirements of the high-perfonnancc passenger cat Bipolar Li-Al/FeS^. 
batteries are projected to surpass the requirements of all three vehicle batteries, including 
the extremely demanding requirements of the hybrid-vehicle battery. The modeling results 
indicate that a bipolar Li-Al/Fe5 3 battery, designed to fit the space available in the Impact, 
could deliver 40 kWh of energy, which corresponds to an estimated 560 km zero-emissions 
range. Also, at the power-to-energy ratio of 2, this battery technology is projected to approach 
the long-term performance objective of the USABC. Examples of battery design summary " 
information for electric and hybrid vehicles are provided in Table 41,8. The information 
contained in this table indicates the high degree of packaging flexibility associated with this 
battery technology. For example, the three hybrid-vehicle battery designs vary rather dra- 
matically in shape, while retaining high volumetric and gravimetric power and energy den- 
sities. 

TABLE 41 .8 Selected Summary Information from Computer-Aided Battery Design Model Used in 
Projecting Battery Peaibrmances 



High-performance 
electric vehicle 



Hybrid vehicle 



Banery designation 


EV-l 


EV-2 


EV-3 


Hybrid- 1 


Hybrid-2 


HyVrid-3 


Power, Kw 


90.0 


90.0 


9O.0 


90.0 


90.0 . 


90.0 


Energy store. kWh 


40.0 


40.0 


40.0 


18-0 


15.0 


15.0 


Number or" parallel string* 


2 


3 


3 


2 


2 


3 


Shape of battery cross section 


Oval 


Triangle 


Triangle 


Oval 


RecL 


Rcct. 


Stacks per cross section 


2 


3 


3 


2 


4 


6 


Total number of stack* 


6 


6 


6 


6 


4 


6 


Total number of cells 


378 


570 


570 


378 


380 


570 


Cell parameters: 














Cell diameter, cm 


16.1 


13.4 


13.4 


16.1 


16.3 


13.4 


Cell thickness, cm 


1.126 


1.108 


1.025 


0.587 


0305 


0.424 


Separator thickness, mm 


1.2 


1.2 


0.5 


1.2 


1.2 


0,5 


Welding ring type 


Channel 


Channel 


Channel 


Flat 


Plat 


Flat 


Battery performance summary 


Battery dimensions: 














Hdght, cm 


36.8 


29.5 


29.5 


36.8 


37.1 


31.4 


Width, cm 


20.4 


31.4 


31.4 


20.4 


37.1 


45.0 


Length, cm 


232.0 


226.8 


211.1 


130.1 


3M 


53.6 


Battery volume, L 


155.9 


158.6 


147.6 


87.4 


79.6 


72,9 


Battery weight, kg 


282.4 


281.5 


265.2 


161.3 


137.0 


125.2 


Specific power: 














Per unit volume, W/ L 


577.3 


567.5 


609-7 


1030.0 


1130.4 > 


1234J2 


Per unit weight, W/lg 


318.7 


319.7 


339.4 


558.0 


657.0 . 


718J 


Specific energy: 














Per anil volume, Wh/L 


256.6 


252.2 


27 L0 


206.0 


188.4 


205.7 


Per unit weight, Wh/fcg 


141.6 


142.1 


150.8 


in, 6 


109.5 


119.8 
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Jsedin 



Hybrid-3 

90.0 
15.0 
3 

Rect. 
6 
6 

570 

13.4 
0.424 
0.5 
Flat 



31.4 
45.0 
53.6 
72.9 
125.2 

1234.2 
718.7 

205.7 
119.8 
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is A^r^T^S^^ ^ T** ^ P*™*' Lj-AI/Fe$ cells, 
^^T,™ 4116 - JP BS ? ffl«JHplatc pnsmaoc cells contain the full ampere-hour caoacitv 

X£? As£jS P ^,° n f nd « 8,1 ""^"Cted electrically to £KJX *K 

tam%££ a u A doub,& * walled slee l vacuum jacket, filled with compressed multifoil 
insulation, provides thermal insulation for the battery A forced-air beat S 

•SSbiridbS *lS5tf 8hl 7^ < *?^ Resistance Raters (not shown) *repr£ 
enclosure for heating the battery to operating temperature and Dro- 

are wrought through a thermally insulated end cap or cover ^ 
n;fi~^ P °^ r ,,th i Un, ' iron . sul «<te electricvehicle batteries, the packaging flexibility is siu 
SJoTr ^S^T 5 ^ An "tisfs concept of a self-contained thermally SilSvjiw 

5fbtoSi£S^S Uto " P^ 1 *- in 41 17 - 1716 compactness andT^lind^l sES 
£2? ™ 5 ^low consideration of small self-contained modules that utilize liebtw3 
tosely wrapped mulbfoil insulating jackets, of the type shown .« The walhT of foesTS 
cyhndncd insulating jackets are sufficiently strong to negatcthe «dforZ£S 

i i«L ^ b , CX ^" ent ni «*"»6 Properties when under vacuum Also a simrlfcoS 
SUfcrf? P~* between the walls of the jacket by «S £3 

BS* " ,e ™^ materia1 -: By heating the getter, the gas pressure bftwL 

dSs^S rS5- ^ ^ 3 hi£hcr ra,e of heat *rou«h the jacket for Z 

purpose ot cooling the battery without a forced-air beat exchaneer Useof th^7^J«J^ 

SXi^FJSTS m0d r lM f 065 " 0t ^^candyln^thl SSSSfiE 
mfcyZ l!f *^ mHd Cnc,osurc over the type described for prismatic batteries 
irf rh* wk^^ to offer significant advantages from the standpoint of packaging the biS 
in the vehicle. Although detailed reliability and safety Studies have not been 

EAST ESSM?" Si h possess S!^^£53K 

wh«^"^ t ^iWjr^H IOn ^ y deVCl ° P ,<,w - resi «^e internal short circuits 
«f fJli., L « f hfe - 1,118 characteristic permits b polar stacks— emolovine string 

K remain fo »°* in 8 ««« loss of 2rn2 3235 

S lfcX ^ 1 k i? cssennaJJy linuted «o the energy content of the failed cell or 
re^hiUnT^STi^ , P X °^ mtcrct>nnect themes, or other methods of making battel 
rehabuaty and Ire less sensitive to cell failure, are not naeded for lithium/iionluffideS 

„ J".? 6 SStbty Jln^a, 1,16 active materials (lithium alloy anodes and FeS cathode^ a«. ™ii/ic 
SaS^^W"™ T* J*"*.*" 8 ten W- Once the K£? s h532 £££ 
S3?12n in Ac « fnf ?' e,CC4r ° ,yie a P roteclive c oatin?over 0? 

^e hr«X,i .^ 5 . °f c , of , a ^ s . CVBre accident, where the battery enclosure and cell walL 

Wen? afrt Aetd™r provides protcction * c di ^«' W o aT 

1h^nm7.ntTlr^ Cells— preheated to Operating temperature—ruptured upon impact •» 
w^SSfof I T ^ Were ^^'te ground, but no combustion of active Sals 

e££", u SdsTho^ei^ «t Ct H? C K° fiCcn,lnfi J safety ' such as chemical £ 
^ri..7' ec,Ilcu! . tla zaru5 (Short circuit, ovcrdischarge. and overcharge) have been evam 

EiTT,^ test8 have not been coll °«^ on baneTsystems most Zt 
SteSF* dcVelopmetlt -hich indicates Oiat these MS5 lerently 
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PIC WRE 41.16 Arusi concept of full-scale Li-AI/FeS electric van battery with cutaway showing prismatic 
cjll* % heat exchanger* and compressed multifoll insulation. (From Chilenskas et aL;* Courtesy af Amonne 
National Laboratory, University of Chicago.) * 



Muttifoi! insulating plug 

36 V slacks 

Instrumentation 
& control 
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- MuWfoa insulation Steel case 
FIGURE ,4117 Artist's concept of thermally insulated electee-vehicle battery module with 'cutaway 
showjng biploar Li-AI/l-eS, stack, lightweighi loosely wrapped multifbil insulation, and crwroaily acli- 
vated getter system for controlling heat transfer from module. (Courtesy ofArgome Nation*! Laboratory.) 
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